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[1] Recent observational studies of tropical deep convection typically include some
mention of cumulus congestus, a third mode of tropical convection, in addition to
shallow trade cumulus and deep convection. This study analyzes congestus behavior
in a multiday cloud-resolving model simulation based on the Tropical Ocean-Global
Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE)
field campaign. Simulation results exhibit a pronounced congestus cloud mode, pres-
ent during both suppressed and active phases of the intraseasonal oscillation (ISO),
with a unique signature consistent with cloudy-air detrainment near the 0C isotherm.
Congestus clouds in the simulation contribute 34% of the total precipitation during a
10 day transition period from suppressed to active phases, a number which corre-
sponds well with previous estimates of the congestus contribution to precipitation.
Domain-mean profiles and statistics from conditionally sampled buoyant cloud cores
are compared with similar quantities from a recent model intercomparison of RICO
trade cumulus. In many respects, cumulus congestus act like overgrown trade cumulus
clouds. Both cloud types demonstrate multiple cloud fraction maxima associated with
cloud base and detrainment layers. Profiles of buoyancy flux and vertical velocity var-
iance suggest that the buoyancy production of turbulence behaves similarly in both
cloud types. The greater precipitation production in the simulated congestus clouds
nearly balances the surface latent heat flux, and thus the congestus contribution to
moistening the atmosphere is limited. The computational configuration is a compro-
mise between providing both sufficient resolution to represent shallow cumulus and
sufficient domain size to handle broader, deep convective clouds.
Citation: Mechem, D. B., and A. J. Oberthaler (2013), Numerical simulation of tropical cumulus congestus during TOGA COARE,
J. Adv. Model. Earth Syst., 5, 623–637, doi:10.1002/jame.20043.
1. Introduction
[2] Tropical convection has long been recognized as
exhibiting two distinct modes: shallow trade cumulus,
which range in depth from 2 to 3 km; and deep convec-
tion, which potentially extends up to the tropical tropo-
pause. Studies as far back as Malkus [1962] and Malkus
and Riehl [1964] have acknowledged the existence of a
third mode of tropical cloudiness, that of cumulus con-
gestus. Simpson et al. [1982] (formerly Malkus) went so
far as to conduct an early numerical study of GATE
(Global Atmospheric Research Program’s Atlantic
Tropical Experiment) congestus, predominantly empha-
sizing the roles of entrainment and detrainment. Per-
haps the most single-purposed research thrust into the
topic of cumulus congestus was the work of Johnson
et al. [1999], who employed ship-board radar data from
the Tropical Ocean—Global Atmosphere Coupled
Ocean-—Atmosphere Response Experiment (TOGA
COARE) field campaign to demonstrate robustly this
third mode of tropical cloudiness (congestus) in vertical
profiles of divergence, detrainment, and fractional
cloudiness.
[3] Surface-based millimeter-wave cloud radar studies
have confirmed the prevalence of congestus [Hollars
et al., 2004; Jensen and Del Genio, 2006; Stephens and
Wood, 2007], and cumulus congestus have been identi-
fied by space-based radar as well. Casey et al. [2007]
found that midlevel clouds constitute a fractional areal
coverage of 11.5% and a precipitating cloud fraction of
6.5%. In their study of shallow precipitation over the
tropical oceans using data from the Tropical Rainfall
Measuring Mission (TRMM), Short and Nakamura
[2008] found a shallow mode of cloudiness in the range
of 2–3 km and an upper congestus mode near 5 km.
The shallow cumulus mode was present during nearly
all periods of suppressed and active convection.
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Increasing rainfall was accompanied by an increase in
the prevalence of the 5 km congestus mode. Schumacher
and Houze [2003] found substantial amounts of ‘‘shal-
low, isolated rain,’’ warm clouds they classified as con-
gestus or isolated (presumably shallow) cumulonimbus.
Using data from the CloudSat cloud profiling radar
(CPR), Luo et al. [2009] identified congestus but cau-
tioned that instantaneous snapshots of echo-top heights
may instead capture clouds in their growing (transient)
stages on the way to becoming deep cumulonimbus,
suggesting that care is warranted when interpreting sta-
tistics based on uncorrelated, instantaneous snapshot
fields. Sophisticated multisensor approaches have been
developed to identify marine congestus clouds more
accurately [Casey et al., 2012].
[4] The prevalence of cumulus congestus has suggested
they may be an important source of tropical precipita-
tion. Cheng and Houze [1979] found that 30% of the trop-
ical rainfall in GATE fell from clouds with echo tops
from 4 to 9 km. (This estimate comes from Johnson et al.
[1999], who obtain it from Figure 2 in Cheng and Houze
[1979].) Johnson et al. [1999] found that congestus clouds
(defined by radar echo-top heights ranging from 4.5 to
9.5 km) contributed 28% of the rainfall during the
TOGA-COARE field campaign. Employing a compre-
hensive classification scheme that took into account mul-
tilayered clouds, Stephens and Wood [2007] found a
cloud mode centered at 5 km that gave precipitation con-
tributions of 27.3% (obtained from the sum of Classes B
and E, both single and multilayered, corresponding in
their Table 3 to the transition phase of the intraseasonal
oscillation (ISO) over the Atmospheric Radiation Mea-
surement Program Tropical Western Pacific (ARM–
TWP) Manus site). Radar-derived precipitation retriev-
als from TRMM reveal that warm clouds contribute
20% of the tropical maritime rainfall, although approxi-
mately half of these clouds are adjacent to deeper precip-
itating systems [Liu and Zipser, 2009].
[5] These previous studies have identified cloud top
using a wide variety of reflectivity thresholds that gener-
ally depend on the sensitivity of the radar employed.
Employing the ship-based radar from TOGA COARE
placed aboard the R/V Vickers (the minimum interfer-
ence threshold (MIT) radar, also used by Johnson et al.
[1999]), DeMott and Rutledge [1998] defined echo-top as
the height of the 0 dB Z level, although the actual sensi-
tivity may have been higher (i.e., better) than this [see
Short et al., 1997, Figure 3]. By way of comparison, the
sensitivity of the TRMM precipitation radar used by
Short and Nakamura [2008] was 18 dB Z. High-
frequency cloud radars used to detect echo-top height
have greater sensitivity. For example, the CloudSat
CPR, employed in a number of studies that noted or ex-
plicitly addressed congestus [Haynes and Stephens,
2007; Mace et al., 2007; Zhang et al., 2007; Luo et al.,
2009; Casey et al., 2012], had a sensitivity of 230 dB Z
[Tanelli et al., 2008], whereas the Atmospheric Radia-
tion Measurement Program 35 GHz millimeter-wave
cloud radar employed in Jensen and Del Genio [2006]
had a sensitivity between 230 and 247, depending
upon the scanning mode [Clothiaux et al., 1995]. These
differences in radar characteristics may produce sub-
stantial study-to-study differences in echo-top
identification.
[6] The vertical extent of congestus clouds is thought
to be tied to a weakly stable layer corresponding to
intrusions of warm, dry air in the midtroposphere from
the midlatitudes [Yoneyama and Parsons, 1999]. These
layers of dry air were a robust feature during TOGA
COARE [Johnson et al., 1996; Mapes and Zuidema,
1996; Brown and Zhang, 1997] and have been identified
using longer term in situ [Jensen and Del Genio, 2006;
Takemi et al., 2004] and remotely sensed [Casey et al.,
2009] observations. Mapes and Zuidema [1996] con-
cluded that the dry layers are radiatively active in the
sense that the interaction of longwave radiative fluxes
with the vertical humidity structure strongly influences
the thermal structure. Thus, the anomalously warm,
dry stable layers are an impediment to vertical cloud de-
velopment, an effect that has been reproduced in nu-
merical simulations [Redelsperger et al., 2002].
[7] The role of cumulus congestus in the large-scale
tropical circulation is not well understood. Detraining
congestus clouds serve to moisten and destabilize the
dry stable layer [Waite and Khouider, 2010] in a manner
similar to how shallow cumulus interact with the trade
inversion [Riehl et al., 1951; Betts, 1973; Stevens, 2007].
This moistening and destabilization may serve to pre-
condition the tropical atmosphere for deep convection.
Furthermore, simulations have demonstrated that the
best representation of the MJO (Madden-Julian Oscilla-
tion, which, for the purposes of this paper, we use inter-
changeably with ISO) [Madden and Julian, 1971, 1972]
wave structure is associated with a bottom-heavy latent
heating profile [Li et al., 2009]. A bottom-heavy dia-
batic heating profile would be consistent with a sizable
contribution to surface precipitation from congestus
clouds.
[8] Previous numerical simulation studies of conges-
tus have addressed either dynamical [Simpson et al.,
1982; Carpenter et al., 1998a, 1998b, 1998c] or micro-
physical [Kogan, 1991; Lasher-Trapp et al., 2001]
aspects of individual cumulus congestus clouds, but rel-
atively few studies [Redelsperger et al., 2002; Waite and
Khouider, 2010] (discussed above) have explored the
behavior of an ensemble of congestus clouds. In this
research, we explore the behavior of cumulus congestus
clouds as part of the large-scale tropical wave structure
(specifically, the MJO) through high-resolution, multi-
day simulations that span the time period of the MJO
as it transitions from the suppressed phase into a more
active period of organized deep convection. In particu-
lar, we are interested in the joint behavior of shallow,
congestus, and deep convection; the contribution of
congestus to tropical precipitation; and the comparison
of congestus characteristics with recent simulations of
shallow trade cumulus clouds.
2. Model Description
[9] We employ the System for Atmospheric Modeling
(SAM version 6.7.4 [Khairoutdinov and Randall, 2003]).
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The conservation equations in SAM are based on ane-
lastic dynamics, and scalar advection is formulated
using a scheme that is both positive-definite and mono-
tonic [Smolarkiewicz and Grabowski, 1990]. The model
uses liquid/ice moist static energy for its prognostic
thermodynamic variable. A Rayleigh damping layer is
applied at grid points above 21 km.
[10] The ice-phase microphysical parameterization is
loosely based on the approach of Lin et al. [1983] and
Rutledge and Hobbs [1984], as outlined in Khairoutdinov
and Randall [2003]. The model solves two conservation
equations for water, one for total precipitating species
(rain, snow, and graupel) and one for nonprecipitating
quantities (vapor, cloud water, and cloud ice). The
method of Deardorff [1980] parameterizes subgrid-scale
(SGS) transports. As in Khairoutdinov and Randall
[2003], the SGS mixing length in the Deardorff closure
has been modified to equal the local vertical grid length.
The parameterization for shortwave and longwave radi-
ation is taken from the NCAR Community Atmos-
pheric Model (CAM3) [Collins et al., 2006].
[11] All simulations are three-dimensional and
employ a horizontal grid spacing of 200 m and doubly
periodic lateral boundary conditions. Bryan et al. [2003]
demonstrated that grid spacings of O(100 m) are
required in order to adequately represent the inertial
subrange in a simulated squall line. In our simulations,
a grid spacing of 200 m is a compromise between being
able to resolve turbulent fluxes associated with shallow
cumulus and congestus, and the need for a domain large
enough to represent the development of mesoscale orga-
nization associated with both shallow and deep convec-
tion. Recent studies have demonstrated that grid sizes
of this magnitude do a respectable job of simulating
boundary-layer clouds [Wang and Feingold, 2009a,
2009b; Mechem et al., 2012]. The number of grid points
is 512 3 128 3 165 for a domain size of 102.2 3 25.4 3
29.8 km3. The rectangular domain configuration was
chosen under the assumption that a longer west-east
extent would accommodate a greater degree of meso-
scale organization relative to a square domain of a simi-
lar number of points.
[12] The simulations employ a stretched vertical grid,
which ranges in spacing from 50 m at the surface to
600 m at 20 km. The grid configuration is plotted in
Figure 1, overlaid with what Khairoutdinov et al. [2009]
term a typical SAM vertical grid (‘‘nz 5 96’’), along with
the grid used for their high-resolution simulations.
Khairoutdinov et al. [2009] found that fine vertical grid
spacing was a requirement for adequately representing
cumulus congestus. With this in mind, from the surface
to 7 km, we employ a vertical grid ranging from 50 to
100 m, as in Figure 1.
3. Simulation Methodology
[13] The simulations employ the commonly used
semidiagnostic framework where cloud properties
evolve according to cloud-scale and mesoscale dynam-
ics that respond to observationally constrained budgets
of temperature and moisture [e.g., Wu et al., 1998; Zeng
et al., 2009]. The semidiagnostic approach assumes a
separation of scales and a one-way (downscale) interac-
tion in which cloud systems respond to an imposed
large-scale forcing. Thus, the cloud scale and large scale
are not truly interactive. The large-scale forcing associ-
ated with convectively coupled tropical waves is pre-
sumed to contain transports of heat, moisture, and
momentum arising from the observed cloud ensembles.
In this simulation framework, the large-scale forcing (as
well as any nudging to the large-scale fields) to some
degree limits the upscale influence of the cloud trans-
ports to the large scale. Nevertheless, from the cloud
behavior, we may infer feedbacks onto the large scale.
[14] Initial and boundary conditions were calculated
from the TOGA COARE [Webster and Lukas, 1993]
field observations using the variational method of
Zhang and Lin [1997], who performed the processing.
The analysis yields characteristic vertical profiles, time
tendencies, and large-scale vertical motion valid over
the TOGA COARE Intensive Flux Array (IFA,
roughly centered at 155E longitude, 2S latitude; see
Figure 14 in Webster and Lukas [1993]). The 20 day sim-
ulations begin at 0000 UTC on 25 November (day 330)
and run until 0000 UTC on 15 December (day 350).
Most of this period coincides with the suppressed phase
of the intraseasonal oscillation (ISO), when organized
deep convection over the IFA was rare [Chen et al.,
1996]. Roughly speaking, the period corresponds to the
range of Phase 3 to Phase 6 in the MJO classification
index of Wheeler and Hendon [2004]. The middle of De-
cember marks the transition from suppressed to active
phase of the ISO. Our model analysis focuses on a win-
dow centered on this transition period, ranging from 5
to 15 December, in order to emphasize the behavior of
cumulus congestus clouds before, during, and after the
transition to the organized deep convective regime.
Figure 1. Vertical grid as a function of height for three
different grid configurations. The number of vertical
grid points in each configuration is noted on the figure.
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[15] Figure 2 shows the large-scale forcing corre-
sponding to the last 10 days of the simulation. From
days 340 to 344, the q tendency (corresponding to large-
scale moisture advection) is confined to below the 6 km
level, and after day 344, the tendency becomes more
positive and deeper. This behavior is associated with
the transition from the suppressed to the active phase of
the ISO. The large-scale temperature tendency is largely
a warming in the suppressed phase and cooling in the
active phase. Both the h (potential temperature) and q
tendencies are synchronized with the large-scale vertical
motion field wls. Warming and drying accompanies sub-
sidence; cooling and moistening accompanies upward
vertical motion.
[16] The model u and v winds are nudged to values
specified by the variational analysis, with a timescale of
2 h. The evolving surface scalar fluxes are fixed and
specified from the variational analysis. The surface
stress (momentum flux) evolves interactively, under the
assumption of a roughness length of 1.0 3 1024 m.
4. Control Simulation Summary
[17] The simulation follows the prescribed forcing in
Figure 2. The suppressed period from days 340 to 343 is
characterized by shallow cumulus and cumulus conges-
tus clouds (Figure 3). These cloud-top heights corre-
spond to the highest vertical model grid point where the
precipitating hydrometeor threshold (qp) exceeds 0.001
g kg21. Thus, this method of identification corresponds
more to a radar echo top than to actual cloud, but the
approach is consistent with radar-based observational
studies, such as those by Cheng and Houze [1979] and
Johnson et al. [1999]. The 0.001 g kg21 threshold corre-
sponds to 212 dB Z (calculation based on Ferrier
[1994], assuming liquid phase only), which corresponds
to drizzle-sized droplets but lies below the sensitivity of
most precipitation radars.
[18] From Figure 3, it is evident that shallow cumulus
(defined here as cloud-top heights <3 km) are small in
horizontal extent but numerous in number. A fewer
number of deeper cumulus congestus clouds extend in
height up to 7 km. The congestus clouds are larger in
size, suggesting they exhibit less dilution of their buoy-
ancy via entrainment than their shallower counterparts.
[19] The transition from the suppressed to active
phases of the ISO is characterized by convection that is
deeper and more organized. The relatively small do-
main in our simulations ultimately limits the degree of
mesoscale organization possible. We note that even at
times when much of the domain is covered by cloud
(e.g., day 348), the area fraction of cloudy buoyant
updraft cores remains rather small (<0.12). From day
344 to day 349, cloud tops reach above 15 km, although
at some times (day 347), deep convective activity is lim-
ited. Shallow cumulus and congestus are present during
these times between deep convective events. Even when
deep convection is widespread (e.g., day 349), Figure 3
indicates that shallow cumulus and congestus are visible
in the regions outside of active deep convection. This
coexisting nature of congestus and deep convection will
be more evident when we consider the vertical structure
of the precipitating systems.
[20] The transition from suppressed to active phases
of the ISO is evident in Figure 4, which shows vertical
profiles of horizontally averaged cloud particles (qc,
which includes both nonprecipitating cloud water and
cloud ice) and precipitation (qp, which includes rain,
snow, and graupel). During the suppressed period from
days 340 to 344, cloud tops are limited to <7 km. The
peak in qc at 2 km corresponds to the shallow trade
cumulus mode. A secondary maximum near the cloud
top at 5 km corresponds to cumulus congestus likely
detraining at a layer of enhanced stability roughly asso-
ciated with the 0C temperature level. In short-term
simulations of tropical convection, Khairoutdinov et al.
[2009] also found evidence of this congestus behavior
intermingled with deep convection. They also found
that whether or not the model produced these clouds
was acutely dependent upon using a fine vertical grid
spacing. We found a similar sensitivity using the
‘‘nz 5 96’’ vertical grid in Figure 1, with some slight dif-
ferences. Strangely enough, when running with insuffi-
cient vertical resolution, midlevel clouds were
nevertheless present and the model was able to capture
the congestus mode in the precipitation field. However,
the detrainment maximum in qc near the 0
C level was
Figure 2. Time-height representation of large-scale
forcing tendencies (potential temperature and moisture
tendencies, and large-scale vertical velocity) applied to
the model fields over the last 10 days of the simulation.
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only weakly present. The vertically continuous extent of
the mean profiles of precipitation hydrometeors (qp) in
Figure 4 (i.e., the lack of multiple maxima) suggests
that the fewer number of clouds reaching up to the 5–7
km altitude may contribute similar amounts of precipi-
tation as the greater number of low clouds. In section 5,
we analyze the relative contributions of cloud depth on
precipitation.
[21] The active period (from 344.5 to350 h) also con-
tains evidence of cloud-top detrainment associated with
congestus, particularly evident from days 347 to 350.
This is not a radar bright band feature, though it is visu-
ally similar. Time periods between periods of organized
convection (e.g., day 348) exhibit similar behavior to
the suppressed period, with shallow cumulus and con-
gestus present. The simulation behavior is consistent
with the view of Short and Nakamura [2008], indicating
that shallow convection is nearly always present in the
tropics, even when deep convection is active.
[22] The precipitation mixing ratio field
(qp5qr1qs1qg, a sum of rain water, snow, and graupel
mixing ratios) reflects the connection between clouds of
various depths and the amount of precipitation. Some
amount of surface precipitation is always present, and
deeper clouds tend to rain more. Even during the sup-
pressed period from 340 to 344.5, the deeper clouds pro-
duce more precipitation. Larger values of qp in Figure 4
tend to accompany the appearance of detrainment in qc
(e.g., 343–344).
5. Contribution of Congestus to Precipitation
[23] The mean profiles of qc and qp in Figure 4 are
consistent with the relationship between rain rate and
cloud depth. However, at any given time, a distribution
of cloud depths may be present, each potentially con-
tributing to the surface rainfall. Ultimately, we seek the
contribution to surface rainfall from clouds of all differ-
ent heights. The evolution of model-derived echo-top
height is shown in Figure 5 and is a compact way of
looking at the temporal evolution of echo-top distribu-
tions from fields like those shown in Figure 3. As previ-
ously noted, this ‘‘echo-top height’’ calculation is based
on the maximum height where precipitation mixing ra-
tio exceeds a specific threshold (1.0 3 1023 g kg21).
Thus, this quantity reflects the precipitation structure
more than the cloud itself and facilitates comparison
with radar-based studies [e.g., Johnson et al., 1999].
[24] Histograms of echo-top height are calculated ev-
ery 15 min, with a 1 km vertical bin size (Figure 5). The
Figure 3. Daily sequence of echo-top heights at 0000 UTC, calculated from the simulation output. The calcula-
tion methodology is described in the body of the text.
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histograms represent the areal coverage of echo tops
lying within a given bin. Immediately evident is the
shallow cumulus mode, lying between 1 and 3 km. The
shallow mode is nearly always present during the sup-
pressed period, but it is also visible during the active
phase, reflecting the explanation of Short and Naka-
mura [2008] that shallow cumulus is always ‘‘bubbling’’
in the tropical environment.
[25] Congestus are most evident in the suppressed pe-
riod from days 340 to 344.5. The congestus mode is
more transient than the shallow cumulus mode, but
congestus nevertheless are frequently present. In the
simulation, echo tops for congestus tend to lie most
commonly in the 5–6 km range, though Figure 5
includes instances of congestus penetrating up to 7–8
km. The 0C isotherm is associated with a stable layer
[Johnson et al., 1996], which the congestus updrafts are
nevertheless able to penetrate (Figure 5). These conges-
tus clouds, however, ascend no more than a kilometer
or two above the 0C isotherm.
[26] The assumptions of the microphysical parameter-
ization in the model dictate that these clouds remain
predominantly supercooled water, but this requirement
is largely consistent with the lack of cold temperatures
necessary for substantial ice-particle nucleation. Figure
5 indicates that the melting level is at or just below 5
km. The 25C isotherm (not shown) hovers near 6 km
during the suppressed phase and is topped by the midle-
vel temperature inversion. The temperatures at this level
early in the period, while not unreasonable, are a few
degrees warmer than the observations [Ciesielski et al.,
2003]. The physical reason for this warm bias is not
clear, although the behavior is consistent with the
potential temperature tendency between 5 and 7 km in
Figure 2, which also promotes the temperature inver-
sion in this layer.
[27] The decrease of temperatures in the midlevels is
consistent with the melting and cooling that typically
accompanies stratiform precipitation. Because ice
nucleation is only weakly active at temperatures at and
warmer than 25C, we are confident that precipitation
growth in congestus during the suppressed phase (days
340–344.5) is almost exclusively governed by collision-
coalescence associated with the warm-rain process.
[28] Cloud system behavior is much more compli-
cated following the transition to the deep convective
phase (day 344.5). As mentioned, the shallow convec-
tion mode is still apparent. The short period from 344.5
to 350 nevertheless hints at pulses of deep convective ac-
tivity on a 2 day period (see Chen et al. [1996] for a thor-
ough summary of how this 2 day periodicity in
convection is related to the large-scale dynamics in
TOGA COARE). Echo tops corresponding to conges-
tus (4–6 km) are present, but the existence of a distinct
congestus mode is much less obvious than during the
suppressed regime. Indeed, clouds of all different depths
are present during the active phase.
[29] The time series of outgoing longwave radiation
(OLR, Figure 5) calculated from the simulation is com-
pared with the observed OLR over the IFA [Ciesielski
et al., 2003]. OLR is a good metric to ascertain the rea-
sonableness of the simulated cloud distribution (good
agreement would be considered a necessary, though not
sufficient, condition for a reasonable cloud field),
although by itself OLR is not sufficient to give much
detail about the distribution itself. Over the 10 day sim-
ulation, agreement differs between simulation-derived
OLR and the observations. Agreement is particularly
good during the deep convective events during the sec-
ond half of the period. Agreement during these times
indicates the anvil temperature (altitude) is consistent
with the observed convection. Between the strong
Figure 5. Time series of instantaneous histograms of
echo-top height. The dashed line represents the transi-
tion from suppressed to active phase of the ISO. Shal-
low cumulus, congestus, and deep convective modes are
indicated. The black line in the lower panel indicates
the 0C temperature level. Corresponding time series of
outgoing longwave radiation from the simulation (black
line) and from observational analysis (gray line) [Cie-
sielski et al., 2003] are shown on the upper panel.
Figure 4. Time-height section of domain-mean cloud
water mixing ratio (qc) and precipitation mixing ratio
(qp).
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convective events, OLR differs between observations
and model, with the model producing either lower
clouds or lower cloud fraction (i.e., higher brightness
temperature) than the observations. During the sup-
pressed (early) phase, simulated OLR is, on average,
substantially greater than observed (except for a short
period near 0000 UTC on day 341). While this might be
explained by an underestimate of congestus cloud frac-
tion (greater radiating temperatures), we suspect the
warm bias discussed above may play a role. Another
possibility is the utter lack of deep convection during
the suppressed period, when in reality, the suppressed
period often contains instances of isolated deep convec-
tion [e.g., Chen et al., 1996, Figure 4a]. The lack of deep
convective anvil in the simulations may then be a factor
in overestimating the OLR, relative to the observations.
[30] Figure 6 summarizes the relative frequency of
echo-top heights, stratified according to period. For
example, a relative frequency of 0.027 at a height of 5.5
km means that, in the 5.0–5.5 km layer, 2.7% of the
area is covered by echo tops residing in that layer. The
calculation is a summary of Figure 5 rather than a sta-
tistic like the horizontally averaged fraction of qp. The
shallow cumulus mode is present during both the sup-
pressed and active phases of the ISO. The congestus
mode is also present during both periods. The areal cov-
erage of congestus is substantially greater during the
active phase, but both phases clearly exhibit the conges-
tus mode. The deep convective mode is absent during
the suppressed phase. This figure then demonstrates a
continuum of echo-top height area but also the distinct
presence of the TOGA COARE trimodal cloud struc-
ture documented by Johnson et al. [1999]. Although the
simulation time does not fully correspond with any of
the deployments of the MIT radar, the distributions
may nevertheless be loosely compared with the convec-
tive cloud distributions from Figure 5 in DeMott and
Rutledge [1998]. Compared to Figure 6, the DeMott
and Rutledge distributions are more smoothly continu-
ous, but they do hint at the congestus mode (particu-
larly their Figure 5b). The maximum of their deep
convective mode varies but tends to lie between 7 and 8
km, much lower than 10–12 km depth in our simula-
tions. Our good OLR agreement between model and
observations indicates the simulated cloud tops during
deep convective events are reasonable, indicating the
reflectivity associated with the qp threshold in the model
is too small, thus capturing too much low-reflectivity
echo at high altitude.
[31] In order to better compare with the results of
Johnson et al. [1999], we conducted a feature identifi-
cation analysis using the North Carolina State Uni-
versity ‘‘blob’’ detection toolbox [Miller and Yuter,
2013]. The blob detection method employs accepted
image processing algorithms for the identification of
contiguous features. In order to identify individual
cloud features for a specific time, we first calculate
the column-maximum value of the three-dimensional
precipitation water field (qp), resulting in a two-
dimensional array of column-maximum qp. We then
run the feature detection on this 2D field, which
returns a number of connected regions we interpret
as individual clouds. Echo-top height is then calcu-
lated from the median of echo-top heights (using the
qp 5 0.001 g kg
21 threshold, as before) from all col-
umns in the cloud feature. The detection operation is
done for every instantaneous qp field. One admitted
drawback of this approach is that it is not able to
identify shallow cumulus that are not precipitating.
[32] The cloud feature analysis shows either two or
three distinct modes (Figure 7), depending on the
phase of the ISO. The active phase contains more con-
gestus features than does the suppressed phase, in
addition to deep convective features, but it also con-
tains fewer shallow clouds. The reason for this is not
clear although may simply be a consequence of the
limited domain size, with large areas of deep convec-
tion in the active phase leaving little room for shallow
convection. This figure does allow comparison of the
relative number of congestus and shallow clouds,
which in Johnson et al. [1999] [their Figure 4] is con-
strained by assumptions based on prior observational
campaigns. Throughout the 10 day simulation, the per-
centages of shallow and congestus cloud features are
68.3 and 15.2%. The cloud feature detection does a re-
spectable job at identifying shallow and congestus
clouds, but we feel it overestimates the number of inde-
pendent, deep clouds. Clouds nearby deep convection,
which should be considered as part of the deep convec-
tion feature, the software instead identifies as separate
blobs. Judicious filtering of the input fields prior to
running the feature detection would likely ameliorate
this problem.
Figure 6. Relative frequency of echo-top height during
suppressed and active phases, as described in the text.
The suppressed phase is defined to be from 340 to 344.5
and the active phase from 344.5 to 350.
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[33] The relative contribution to the total precipita-
tion from clouds of different depths varies substantially
with time (Figure 8). The suppressed period (days 340–
344.5) is characterized by a precipitation rate <5 mm
d21 from days 340 to 343.25, after which it increases
(Figure 8b). The mean simulated precipitation rate
agrees well with microwave-derived precipitation rates
over the IFA for the period 5–15 December (both about
10 mm d21 [see Chen et al., 1996, Figure 4b]), although
the simulated precipitation exhibits much larger instan-
taneous values (peak values of 60 mm d21 versus 30
mm d21 in Chen et al. [1996]). Agreement with precipi-
tation rate estimated from the observational IFA budg-
ets (from Ciesielski et al. [2003] overlaid on Figure 8b)
is remarkable. The increase of precipitation during the
suppressed phase is associated with the greater preva-
lence of congestus clouds, along with evidence of these
clouds slowly deepening with time (Figure 4). The bulk
of the precipitation during the suppressed phase is com-
ing from congestus clouds (Figure 8a). During the
active phase, clouds of all depths contribute to the sur-
face precipitation.
[34] We further categorize the precipitation contribu-
tion in Fig. 8c into shallow, congestus, and deep clouds.
Clouds are categorized as congestus if their echo-top
height lies between 3 and 7 km (specifically 3 km z< 7
km). This choice is somewhat arbitrary. The lower limit
is justified based on an approximate upper limit of trade
cumulus clouds; the upper bound is approximately 2
km above the 0 layer, a feature commonly associated
with congestus clouds [Johnson et al.,1996,1999]. Dur-
ing the suppressed phase, the vast majority of the pre-
cipitation (80–95%) falls from congestus clouds (Figure
8c). Deep convective events contribute greatest to the
strongest periods of precipitation during the active
phase (e.g., days 347 and 349). However, some caveats
are in order with respect to our simple cloud classifica-
tion during the active phase. Shallower cumulus and
congestus contribute to the precipitation during this pe-
riod, too, although we suspect some of these contribu-
tion classified as congestus may represent precipitation
falling from stratiform regions associated with meso-
scale convective systems (MCSs), as opposed to origi-
nating from distinct, isolated congestus cells. Note, too,
Figure 7. Frequency distributions of echo-top (‘‘cloud
feature’’) height. (a) Number of cloud features. (b) Rela-
tive frequency of cloud features. The y-axis represents
the number or percentage of cloud features lying within
500 m of the specified altitude. Thick gray lines separate
the shallow, congestus, and deep convective clouds by
the criteria specified in the manuscript. Percentages rep-
resent the total fraction of cloud features lying within
each regime.
Figure 8. Time-height plot of fractional contribution
to the total instantaneous precipitation rate. The contri-
butions for any given time add up to 1.0 (100%). (b)
Surface precipitation rate, with the gray line represent-
ing the observed TOGA COARE precipitation rate
from Ciesielski et al. [2003]. (c) Fractional contribution
for the three classes, as defined in the text.
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that the classification scheme does not fully take into
account multilayer clouds. For example, congestus
lying under a large cirrus cloud will be classified as deep
convection. This miscategorization is likely occurring at
0000 UTC of day 349, where substantial cloud at 5 km
(Fig. 4, upper panel) does not contribute substantially
to the cloud distribution (Figure 5).
[35] The relative contributions from the three cloud
types are summarized for the suppressed, active, and
the entire period in Table 1. The ubiquitous shallow
convection contributes less than about 5% of the sur-
face precipitation, though shallow convection is impor-
tant for the vertical transport of heat and moisture, and
for maintaining the lower tropospheric vertical stratifi-
cation against the large-scale subsidence. During the
suppressed period, congestus clouds contribute 87% of
the precipitation. The nonzero occurrence of deep con-
vection arises because the transition from suppressed to
active regime is gradual. During the active period, the
bulk of the precipitation (74.7%) falls from the deep cat-
egory; nevertheless, 22.1% of rainfall comes from con-
gestus clouds. Calculated over the entire 10 day period
spanning both suppressed and active periods, congestus
clouds account for 34% of the precipitation. The contri-
bution over the entire period is affected by the frac-
tional contribution of the two constituent periods
(suppressed and active phases), but the simulations sug-
gest a lower bound to the total contribution should be
at least 22.1%.
[36] These attributions of congestus precipitation are
roughly consistent with Cheng and Houze [1979] [30%],
Johnson et al. [1999] [28%], and Stephens and Wood
[2007] [27.3%]. Our results are somewhat higher than
the radiative-convective equilibrium simulations of van
den Heever et al. [2011], who attribute 15.3–17.9% of
tropical precipitation to congestus-type clouds (sum-
marized from their Table 8, using their categories M1–
M2 and M1–M2 and M3).
[37] Because of the overlapping nature of the cloud
distribution (as opposed to three distinct modes), the
contribution of congestus to the total precipitation is
sensitive to the depth of clouds we consider congestus.
Table 2 summarizes this sensitivity over the entire simu-
lation period. For example, increasing the layer bounds
of the congestus category from 3–7 km to 3–8 km
increases the congestus contribution from 34.0 to
40.3%.
[38] Because our simulation does not span a complete
period of the intraseasonal oscillation, the total contri-
bution from congestus also depends on the lengths of
the suppressed and active periods (with congestus being
the dominant contribution to precipitation during the
suppressed phase and deep convection being the main
contributor during the active phase). Table 3 shows the
congestus contribution during the active phase only,
which represents a lower bound on the relative contri-
bution to congestus clouds. The congestus contribution
during the active phase is 22.1% (the 3–7 km layer), but
this number is sensitive to the layer classification and
the possibility that clouds classified as congestus are in
reality stratiform rain component from MCSs.
6. Congestus as Overgrown Trade Cumulus
[39] The appearance of congestus suggests many simi-
larities with trade cumulus. The idea that both shallow
cumulus and congestus are governed predominantly by
cumulus dynamics and warm-rain microphysical proc-
esses is a reasonable hypothesis. Congestus share many
of the same characteristics with cumulus, only they are
larger in both width and depth. Figure 9 shows tenden-
cies in liquid water potential temperature
(hl 5 h 2 Lv=cp
 
ql , where h is potential temperature
and ql is liquid water mixing ratio) and total water (qt,
the sum of water vapor and all condensate) brought
about by turbulent fluxes. These tendencies reflect the
impact of only the turbulent fluxes and do not include
the imposed large-scale forcing terms. During the sup-
pressed period (days 340–344.5), the turbulent fluxes
warm the boundary layer from the surface to 2 km
and cool above, particularly in the immediate vicinity
of the layer where the congestus appear to detrain (5–6
km). A deep layer of moistening lies atop a shallow (0–2
km) layer of weak drying. The cooling-over-warming
behavior is a signature of shallow convection [see Ste-
vens, 2007, Figure 2], with surface fluxes acting to warm
the lower part of the layer and adiabatically cooled
Table 1. Contribution to Total Precipitation from Shallow
Cumulus, Cumulus Congestus, and Deep Convectiona
Shallow (%) Congestus (%) Deep (%) R (mm d21)
Suppressed 5.2 87.0 7.8 4.1
Active 3.2 22.1 74.7 15.1
Entire period 3.6 34.0 62.4 10.1
aPrecipitation contributions are calculated for the suppressed and
active phases of the ISO, and for the entire period.
Table 2. Amount of Congestus Precipitation as a Function of
the Congestus Classification, Taken Over the Entire Simula-
tion Period
Layer Top (km)
Layer Base (km) 5 6 7 8 9 10
2 15.8 29.0 36.8 43.1 48.3 54.2
3 13.1 25.2 34.0 40.3 45.5 51.4
4 7.5 19.6 28.4 34.7 39.9 45.8
5 12.2 21.9 27.3 32.5 38.3
Table 3. Amount of Congestus Precipitation as a Function of
the Congestus Classification, Taken Over the Active Phase
Only
Layer Top (km)
Layer Base (km) 5 6 7 8 9 10
2 12.3 18.8 24.5 31.1 37.3 44.3
3 9.9 16.4 22.1 28.7 34.9 41.9
4 5.5 12.0 17.7 24.3 30.5 37.5
5 6.5 12.2 18.8 25.0 32.0
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buoyant updrafts mixing with the warmer environment
aloft associated with the trade inversion. Moisture
increases with time over all depths in shallow cumulus
[Stevens, 2007]. The shallow layer of drying below 2 km
in Figure 9 accompanies congestus precipitation events
and is likely associated with efficient removal of
boundary-layer moisture and via vigorous congestus
updrafts.
[40] Turbulent transports during the active phase are
much more complicated, although much of the behav-
ior of the 0–6 km layer remains similar. The most nota-
ble difference at low levels between the suppressed and
active periods is the episode of drying on days 346–347,
corresponding to the deep convective activity on that
day. Figure 9 indicates cooling over much of the layer
from 8 to 16 km. This pattern of cooling over warming
in deep convective episodes is consistent with a series of
SAM simulations of tropical deep convection by Khair-
outdinov and Randall [2002]. The qt tendency represents
the ensemble effects of convection which act to dry the
boundary layer and moisten the free troposphere,
resulting in a column-net drying.
[41] Figure 10 contrasts the TOGA COARE mean
vertical model profiles taken during the suppressed
phase with trade cumulus profiles from RICO (Rain in
Cumulus over the Ocean) [Rauber et al., 2007]. The
RICO trade cumulus profiles come from the trade cu-
mulus intercomparison described in van Zanten et al.
[2011] (specifically, the SAMEX simulation contributed
by Mechem and Kogan). The two profiles could be nor-
malized by depth according to, for example, cloud base
and inversion heights (both the trade and 0C inver-
sions), but one gains more appreciation for the similar-
ities and differences when viewing the profiles as a
function of geometric height. The experimental setup
for the two simulations differs substantially. The RICO
simulation has finer resolution (100 and 40 m horizon-
tal and vertical grid spacing, respectively) and a much
more sophisticated treatment of microphysical proc-
esses (size-resolving ‘‘bin’’ microphysics).
[42] We note that the TOGA COARE profiles con-
tain shallow cumulus present in the RICO simulation,
in addition to the cumulus congestus clouds of interest.
Both simulations contain a low-altitude maximum in
cloud fraction associated with cloud base, and another
relative maximum (2 km for RICO, 5.5 km for TOGA
COARE) likely associated with cloud-top detrainment
(Figure 10a). In both simulations, liquid water increases
above cloud base to an altitude of 2 km (Figure 10b).
Above this layer, the RICO clouds lose all their buoy-
ancy and completely detrain, whereas the TOGA
COARE congestus continue ascending. The decrease of
liquid water with height points to dilution via entrain-
ment of the congestus updrafts. Precipitation is much
greater in the TOGA COARE case (surface values of 4
versus 0.3 mm d21). Precipitation in RICO is maximum
at 2 km, with evaporation contributing substantially to
the decrease below this layer (Figure 10c). The TOGA
COARE precipitation rate exhibits a similar maximum
below 2 km, and the profile above this maximum is con-
sistent with collision-coalescence of droplets falling
through the layer from 7 km down to 2 km. Although a
small amount of ice-phase microphysics is present in
the model (largely an artifact of the simple microphysics
parameterization, which partitions water between liquid
and ice simply according to temperature), warm-rain
microphysics governs the precipitation process. It is
noteworthy that the relative magnitudes of the cloud
(qc) and precipitation (qp) modes are similar in the
TOGA COARE simulation (Figure 4), whereas in trade
cumulus, the precipitation content is much smaller than
the cloud water content (see Figure 8 in van Zanten
et al. [2011] for profiles of the RICO trade cumulus sim-
ulations). This behavior perhaps speaks to the efficiency
of the warm-rain process in the deeper congestus
clouds, although this hypothesis would need to be eval-
uated in the TOGA COARE simulation with more so-
phisticated microphysical parameterizations.
[43] Both the RICO trade inversion and the inversion
associated with the 0C layer during TOGA COARE
are evident in the static stability (Figure 10d). Recall
from Figure 8 that the 0C level is just below 5 km. The
0C inversion is stronger than the trade inversion and is
deeper. The stability evolves from both the large-scale
forcing tendencies and the turbulent cloud transports.
[44] With the exception of different cloud depths, the
liquid water potential temperature flux (Figure 10e)
behaves quite similarly between the two cases. The hl
fluxes in both cases imply a pattern of cooling-over-
warming. The total water flux (Figure 10f) behaves very
differently in the two simulations. In RICO, sedimenta-
tion flux (from precipitation) is only a minor portion of
the total water budget, and most of the surface latent
heat flux is applied toward moistening the deepening
boundary layer. In the TOGA COARE simulation, on
the other hand, precipitation is a substantial part of the
Figure 9. Time-height section of tendencies of liquid
water potential temperature flux [2@ w0hl
0
 
=@z] and
total water flux [2@ w0qt0
 
=@z] from turbulent trans-
ports, with w denoting vertical velocity.
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turbulent transports such that the net flux is near zero.
The precipitation flux nearly balances out the latent
heat flux, which means that the moistening of the tropo-
sphere is driven by any imposed large-scale moisture
tendency.
[45] Buoyancy flux (Figure 10g) is very similar
between the two simulations, with a minimum near
cloud base and positive values in the cloud layer indica-
tive of positively buoyant cloudy updrafts. This behav-
ior of buoyancy generation of turbulence is reflected in
the vertical velocity variance (Figure 10h), which shows
a minimum associated with cloud base, sandwiched
between maxima in the subcloud and cloud layer. These
profiles reflect substantial similarities between trade cu-
mulus and their deeper cousin, cumulus congestus.
[46] The profiles also display some substantial dif-
ferences between the two cloud types. As previously
discussed, the relatively greater importance of precipita-
tion to the total water budget in congestus clouds sug-
gests important microphysical differences associated
with greater precipitation production. The greater pre-
cipitation rate in congestus (Figure 10c) is associated
with much more efficient warm-rain processes. Deeper
clouds have substantially great liquid water content
(LWC), and it is well known (in shallow clouds, at least)
that precipitation scales with LWC [van Zanten et al.,
2005] because of greater amounts of cloud droplets
available for collection and drop growth. Conditionally
sampled profiles discussed below show that congestus
updrafts have larger values of LWC over a much
greater depth relative to shallow cumulus.
[47] Mean profiles like those in Figure 10 serve to
compare the area-mean properties and fluxes of the
cloud field, which is related to the mean state and how
it evolves with time. A detailed investigation of in-cloud
behavior is beyond the scope of this work, but Figure 11
Figure 10. Mean profiles for the TOGA COARE (solid) and RICO (dashed) simulations calculated over the sup-
pressed phase. (a) Cloud fraction fc. (b) Liquid water ql. (c) Precipitation rate R. (d) Dry static stability dh=dz. (e)
Liquid water potential temperature flux qcpw0hl
0 , where q is the air density and cp is the specific heat at constant
pressure. (f) Total water flux qLvw0qt0 , where Lv is the latent heat of vaporization. The gray lines include the sedi-
mentation flux. (g) Buoyancy flux qcpw0hv
0 . Note that the TOGA COARE simulation profile does not include the
SGS contribution. (h) Vertical velocity variance w0w0 .
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compares several properties associated with the clouds
themselves. The profiles for Figure 11 are calculated by
conditionally sampling these quantities over positively
buoyant (composed largely of updrafts) cloudy points.
Note that during the suppressed phase, the TOGA
COARE profiles contain contributions from both shal-
low clouds and congestus. The TOGA COARE simula-
tion does not contain the peak in core fraction (Figure
11a) associated with cloud base present in the RICO
simulation. Given the prevalence of shallow cumulus in
the tropics, we strongly suspect that the lack of this fea-
ture in the TOGA COARE simulation is an artifact of
our choice of relatively crude grid spacing (200 m in the
horizontal), which is insufficient to capture these small,
shallow cloud features. Both core fraction profiles ex-
hibit low-level maxima that decrease with height, which
suggests entrainment reducing the convective core area.
Convective core vertical motion (Figure 11b) during
TOGA COARE is dominated by congestus, with values
of w greater than those in RICO. Buoyancy excess
(hv
05hv2hv , Figure 11c) differs between the simulations
and in the TOGA COARE maintains a value of 0.5 K
from 3.5 km up to 6 km. This result, together with the
core fraction decreasing with height, suggests one inter-
pretation where the number of cores decrease with
height but that the cores that remain are able to main-
tain their buoyancy. The behavior of core liquid water
is similar in the two simulations (Figure 11d), differing
only in depth and the presence of a liquid water maxi-
mum in the upper part of the RICO profile.
7. Discussion and Conclusions
[48] The ultimate contribution of congestus clouds
depends upon how congestus are defined. We have
attempted to mimic roughly the cloud categories of
Johnson et al. [1999], but we also find that the contribu-
tion to surface precipitation is sensitive to how the cate-
gories are defined. For example, Short and Nakamura
[2008] find that shallow cumulus contribute 21% of
tropical rainfall but only 5% of rainfall in convectively
active regions. Furthermore, because of their analysis
methodology, it appears that their upper mode at 5 km
includes contributions from both congestus and deep,
organized cumulonimbus. The lower height limit for
congestus can be tied to the trade inversion, but because
the congestus inversion is more diffuse or sometimes
absent altogether, no clear choice exists for how to
define the upper bound for congestus clouds. The
choice of upper bound should be made to capture as
much of the congestus mode as possible while minimiz-
ing the aliasing of deep convection into the congestus
category.
[49] Our conclusions are as follows:
[50] 1. We find that congestus clouds contribute 34%
of the precipitation in our 10 day analysis period of
TOGA COARE convection, a number that is in reason-
able agreement with previous observational studies of
tropical deep convection.
[51] 2.The congestus contribution to precipitation is
highly sensitive to exactly how congestus clouds are
defined.
[52] 3. During both the suppressed and active phases
of the ISO, liquid-water profiles and echo-top heights in
congestus exhibit a unique signature near the 0 iso-
therm consistent with cloudy-air detrainment.
[53] 4.In many ways, cumulus congestus act like over-
grown trade cumulus.
[54] Although we speak of shallow, congestus, and
deep tropical clouds, the vertical distribution of tropical
clouds is, in reality, continuous. The congestus mode
itself is most prominent when deep convection is absent.
It is important, therefore, to not dwell overly on the
‘‘modal’’ aspect of the trimodal distribution: even if no
distinct congestus mode is apparent, the presence of
tropical congestus is highly likely. The cloud distribu-
tions in our simulations appear too trimodal and not as
continuous as the distributions in DeMott and Rutledge
[1998] and Johnson et al. [1999], a result we think par-
tially arises from the small domain size to some degree
Figure 11. Mean properties of positively buoyant cloud cores for the TOGA COARE (solid) and RICO (dashed)
simulations calculated over the suppressed phase. (a) Area fraction. (b) Vertical velocity. (c) Buoyancy excess hv
0ð Þ.
(d) Liquid water mixing ratio.
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restricting cloud system variability (i.e., the amount of
clouds of different depths that can coexist).
[55] Our desire to resolve small-scale cumulus and
congestus clouds with some fidelity yet also employs a
domain of sufficient size to represent a degree of meso-
scale organization necessitates some caveats. First, as
we mentioned in section 2, our choice of horizontal grid
spacing is a compromise, as 200 m is overly large to be
considered in the realm of true large-eddy simulation
(LES), the technique commonly used to study these
clouds. Use of this relatively coarse grid spacing means
that turbulent cloud fluxes are not as realistic as they
could be. Second, the warm-rain microphysical proc-
esses in the model are governed by a simple, Kessler-
type parameterization, which is known to have limita-
tions for shallow clouds [Wood, 2005]. Furthermore,
the Lin et al. [1983] parameterization used to represent
ice-phase processes has long been known to have seri-
ous deficiencies when attempting to represent large
stratiform regions of MCSs [McCumber et al., 1991].
Finally, as mentioned above, the limited domain size is
able to capture some but not all aspects of the meso-
scale circulation. In particular, the large stratiform
regions of mesoscale convective systems during the
active phase are probably not well captured.
[56] Future simulations would ideally employ finer
grid spacing, a larger domain, and a more sophisticated
microphysical parameterization. Assuming a doubling
of computational capability, which aspect(s) of the sim-
ulation should we improve? The answer depends upon
which particular features of the simulation we wish to
represent with the most fidelity. Moving to a more so-
phisticated two-moment microphysical parameteriza-
tion would entail only a modest increase in
computational expense and would better represent both
warm-rain and ice-phase microphysical processes. As
far as the resolution versus domain size issue, if shallow
clouds and congestus are of the greatest concern,
increasing the resolution into the realm of true LES
would be desirable. If the goal is to explore deep con-
vection in more detail, the domain size should be
increased.
[57] This analysis is a based on instantaneous snap-
shots of the cloud and precipitation field, and we do not
follow coherent cloud structures throughout their evo-
lution. Luo et al. [2009] found that 30–40% of tropical
congestus fit a ‘‘transient’’ category, meaning a cloud
identified as congestus which in reality is growing to
eventually become deep cumulonimbus. During the
suppressed period of our simulation, when only shallow
convection and congestus are present, this issue is not a
problem. However, it may be an issue during the active
phase when a more complete distribution of cloud
depths is present. This problem may be compounded by
the possible differences in how much precipitation is
produced by a mature cumulus congestus cloud versus
a cloud transitioning to its cumulonimbus stage.
[58] One worthy future goal is to evaluate the impor-
tance of congestus in the large-scale tropical circulation.
Because congestus contributes substantially to surface
precipitation, it will have a similarly important diabatic
heating signal, though the heating profile will be much
shallower than the profile for deep convection. A long-
term, unforced, radiative-convective equilibrium nu-
merical modeling framework would be required to
assess questions associated with how the large-scale
environment influences congestus clouds and how the
congestus clouds precondition the tropical environment
for deep convective episodes.
[59] Acknowledgments. We wish to thank Minghua Zhang for use
of his variational analysis of the TOGA COARE observational data.
We appreciate the ongoing efforts of Marat Khairoutdinov for mak-
ing SAM available to the atmospheric science community. We appre-
ciate fruitful discussions with Sue van den Heever, Sandra Yuter, Dick
Johnson, Courtney Schumacher, and Yefim Kogan on the topic of
congestus clouds. Thanks to Matthew Miller and Sandra Yuter
(North Carolina State University) for use of the blob/feature detection
toolbox. We greatly appreciate the thoughtful comments from two
reviewers and Associate Editor Steve Krueger, who all encouraged us
to scrutinize our results in greater depth. This research was supported
by the U.S. National Oceanic and Atmospheric Administration
(NOAA) Climate Program Office (CPO) Climate Prediction Program
for the Americas/Earth System Science Program (CPPA/ESS) grants
NA10OAR4310160, the Department of Energy Office of Science grant
DE-SC0006736, and the Office of Naval Research award N00014-11-
1-0518.
References
Betts, A. K. (1973), Nonprecipitating cumulus convection and its
parameterization, Q. J. R. Meteorol. Soc., 99, 178–196.
Brown, R. G., and C. Zhang (1997), Variability of midtropospheric
moisture and its effect on cloud-top height distribution during
TOGA COARE, J. Atmos. Sci., 54, 2760–2774.
Bryan, G. H., J. C. Wyngaard, and J. M. Fritsch (2003), Resolution
requirements for the simulation of deep moist convection, J. Atmos.
Sci., 131, 2394–2416.
Carpenter, R. L., Jr., K. K. Droegemeier, and A. M. Blyth (1998a),
Entrainment and detrainment in numerically simulated cumulus
congestus clouds. Part I: General results, J. Atmos. Sci., 55, 3417–
3432.
Carpenter, R. L., Jr., K. K. Droegemeier, and A. M. Blyth (1998b),
Entrainment and detrainment in numerically simulated cumulus
congestus clouds. Part II: Cloud budgets, J. Atmos. Sci., 55, 3433–
3439.
Carpenter, R. L., Jr., K. K. Droegemeier, and A. M. Blyth (1998c),
Entrainment and detrainment in numerically simulated cumulus
congestus clouds. Part III: Parcel analysis, J. Atmos. Sci., 55, 3440–
3455.
Casey, S. P. F., A. E. Dessler, and C. Schumacher (2007), Frequency of
tropical precipitating clouds as observed by the Tropical Rainfall
Measuring Mission Precipitation Radar and ICESat/Geoscience
Laser Altimeter System, J. Geophys. Res., 112, D14215, doi:10.1029/
2007JD008468.
Casey, S. P. F., A. E. Dessler, and C. Schumacher (2009), Five-year cli-
matology of midtroposphere dry air layers in warm tropical ocean
regions as viewed by AIRS/Aqua, J. Appl. Meteorol. Climatol., 48,
1831–1842.
Casey, S. P. F., E. J. Fetzer, and B. H. Kahn (2012), Revised identifica-
tion of tropical oceanic cumulus congestus as viewed by CloudSat,
Atmos. Chem. Phys., 12, 1587–1595.
Chen, S. S., R. A. Houze, Jr., and B. E. Mapes (1996), Multiscale vari-
ability of deep convection in relation to large-scale circulaton in
TOGA COARE, J. Atmos. Sci., 53, 1380–1409.
Cheng, C.- P., and R. A. Houze, Jr. (1979), The distribution of convec-
tive and mesoscale precipitation in GATE radar echo patterns, Mon.
Weather Rev., 107, 1370–1381.
Ciesielski, P. E., R. H. Johnson, P. T. Haertel, and J. Wang (2003),
Corrected TOGA COARE sounding humidity data: Impact on diag-
nosed properties of convection and climate over the warm pool,
J. Clim., 16, 2370–2384.
Clothiaux, E. E., K. P. Moran, B. E. Martner, T. P. Ackerman, G. G.
Mace, T. Uttal, J. H. Mather, K. B. Widener, M. A. Miller, and D.
MECHEM AND OBERTHALER: TROPICAL CUMULUS CONGESTUS
635
J. Rodriguez (1995), The atmospheric radiation measurement pro-
gram cloud radars: Operational modes, J. Atmos. Oceanic Technol.,
12, 201–229.
Collins, W. D., P. J. Rasch, B. A. Boville, J. J. Hack, J. R. McCaa, D.
L. Williamson, and B. P. Briegleb (2006), The formulation and
atmospheric simulation of the Community Atmospheric Model ver-
sion 3 (CAM3), J. Clim., 19, 2144–2161.
Deardorff, J. W. (1980), Stratocumulus-capped mixed layers derived
from a three-dimensional model, Boundary Layer Meteorol., 18,
495–527.
DeMott, C. A., and S. A. Rutledge (1998), The vertical structure of
TOGA COARE convection. Part I: Radar echo distributions,
J. Atmos. Sci., 55, 2730–2747.
Ferrier, B. S. (1994), A double-moment multiple-phase four-class bulk
ice scheme. Part I: Description, J. Atmos. Sci., 51, 249–280.
Haynes, J. M., and G. L. Stephens (2007), Tropical oceanic cloudiness
and the incidence of precipitation: Early results from CloudSat, Geo-
phys. Res. Lett., 34, L09811, doi:10.1029/2007GL029335.
Hollars, S., Q. Fu, J. Comstock, and T. Ackerman (2004), Comparison
of cloud-top height retrievals from ground-based 35 GHz MMCR
and GMS-5 satellite observations at ARM TWP Manus site, Atmos.
Res., 72, 169–186.
Jensen, M. P., and A. D. Del Genio (2006), Factors limiting convective
cloud-top height at the ARM Nauru island climate research facility,
J. Clim., 19, 2105–2117.
Johnson, R. J., P. E. Ciesielski, and K. A. Hart (1996), Tropical inver-
sions near the 0C level, J. Atmos. Sci., 53, 1838–1855.
Johnson, R. J., T. M. Rickanbach, S. A. Rutledge, P. E. Ciesielski, and
W. H. Schubert (1999), Trimodal characteristics of tropical convec-
tion, J. Clim., 12, 2397–2418.
Khairoutdinov, M. F., and D. A. Randall (2002), Similarity of deep
continental cumulus convection as revealed by a three-dimensional
cloud-resolving model, J. Atmos. Sci., 59, 2550–2566.
Khairoutdinov, M. F., and D. A. Randall (2003), Cloud resolving
modeling of the ARM summer 1997 IOP: Model formulation,
results, uncertainties, and sensitivities, J. Atmos. Sci., 60, 607–625.
Khairoutdinov, M. F., S. K. Krueger, C.- H. Moeng, P. A. Bogen-
schultz, and D. A. Randall (2009), Large-eddy simulation of marine
deep tropical convection, J. Adv. Model. Earth Syst., 1, 15,
doi:10.3894/JAMES.2009.1.15.
Kogan, Y. L. (1991), The simulation of a convective cloud in a 3-D
model with explicit microphysics. Part I: Model description and sen-
sitivity experiments, J. Atmos. Sci., 48, 1160–1188.
Lasher-Trapp, S. B., C. A. Knight, and J. M. Straka (2001), Early ra-
dar echoes from ultragiant aerosol in a cumulus congestus: Modeling
and observations, J. Atmos. Sci., 58, 3545–3562.
Li, C., X. Jia, J. Ling, W. Zhou, and C. Zhang (2009), Sensitivity of
MJO simulations to diabatic heating profiles, Clim. Dyn., 32, 167–
187, doi:10.1007/s00382-008-0455-x.
Lin, Y.- L., R. D. Farley, and H. D. Orville (1983), Bulk parameteriza-
tion of the snow field in a cloud model, J. Clim. Appl. Meteorol., 22,
1065–1092.
Liu, C., and E. J. Zipser (2009), ‘‘Warm rain’’ in the tropics: Seasonal
and regional distributions based on 9 yr of TRMM data, J. Clim.,
22, 767–779.
Luo, Z., G. Y. Liu, G. L. Stephens, and R. H. Johnson (2009), Termi-
nal versus transient cumulus congestus: A CloudSat perspective,
Geophys. Res. Lett., 36, L05808, doi:10.1029/2008GL036927.
Mace, G. G., R. Marchand, Q. Zhang, and G. Stephens (2007), Global
hydrometeor occurrence as observed by CloudSat: Initial observa-
tions from summer 2006, Geophys. Res. Lett., 34, L09808,
doi:10.1029/2006GL029017.
Madden, R., and P. Julian (1971), Detection of a 40–50 day oscillation
in the zonal wind in the tropical pacific, J. Atmos. Sci., 28, 702–708.
Madden, R., and P. Julian (1972), Description of global scale circula-
tion cells in the tropics with a 40–50-day period, J. Atmos. Sci., 29,
1109–1123.
Malkus, J. S. (1962), Large-scale interactions, in The Sea: Ideas and
Observations on Progress in the Study of the Seas, 1: Physical Ocean-
ography, edited by M. Hill, pp. 88–294, Wiley-Interscience, New
York.
Malkus, J. S., and H. Riehl (1964), Cloud Structure and Distributions
Over the Tropical Pacific Ocean, 229 pp., Univ. of Calif. Press,
Berkeley, Calif.
Mapes, B. E., and P. Zuidema (1996), Radiative–dynamical conse-
quences of dry tongues in the tropical troposphere, J. Atmos. Sci.,
53, 620–638.
McCumber, M., W.- K. Tao, J. Simpson, R. Penc, and S.- T. Soong
(1991), Comparison of ice-phase microphysical parameterization
schemes using numerical simulations of tropical convection, J. Appl.
Meteorol., 30, 985–1004.
Mechem, D. B., S. E. Yuter, and S. P. de Szoeke (2012), Thermody-
namic and aerosol controls in southeast pacific stratoumulus,
J. Atmos. Sci., 69, 1250–1266.
Miller, M. A., and S. E. Yuter (2013), Detection and characterization
of heavy drizzle cells within subtropical marine stratocumulus using
AMSR–E 89-GHz passive microwave measurements, Atmos. Meas.
Tech., 6, 1–13, doi:10.5194/amt-6-1-2013.
Rauber, R., H. T. Ochs, III, L. Di Girolamo, S. Göke, and E. Snod-
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